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1.  Introduction 

The  prostate  is  critically  dependent  on  androgen  receptor  signaling  for  all  stages  of  its  normal  growth 
and  development  as  well  as  all  stages  of  cancer.  Accordingly,  androgen-deprivation  has  been  widely  used  for 
the  treatment  of  prostate  cancer.  Although  this  therapy  initially  results  in  tumor  regression  and  decreased  PSA 
levels,  most  patients  develop  hormone-refractory  tumors  that  are  resistant  to  available  treatments.  Counter¬ 
intuitively,  most  hormone-refractory  tumors  remain  dependent  on  androgen  receptor  (AR)  signaling  and  have 
devised  mechanisms  to  bypass  the  need  for  testicular  androgens  for  tumor  growth.  Thus,  it  is  essential  to 
understand  how  these  tumors  arise  in  the  absence  of  testicular  androgens  and  to  use  this  understanding  to 
develop  strategies  to  control  the  development  of  hormone-refractory  disease.  Our  proposal  is  based  on 
published  studies  from  us  and  others  showing  that  two  key  signaling  pathways,  namely  the  Akt/mTOR  and  B- 
Raf/Erk  MAP  kinase  pathways,  promote  hormone-refractory  prostate  cancer  in  an  AR-dependent  manner.  We 
hypothesize  that  combination  therapy  for  the  PI3Kinase/Akt/mTOR  and  B-Raf/MEK/Erk  MAP  kinase  pathways 
will  be  effective  for  treating  or  preventing  hormone-refractory  prostate  cancer. 

We  had  proposed  to:  (1)  Targeting  the  Akt/mTOR  and  B-Raf/Erk  MAP  kinase  pathways  — 

investigate  the  consequences  of  combinatorial  inhibition  of  these  signaling  pathways  at  distinct  steps  in  cell 
culture  and  in  a  novel  human  organ  culture  assay  using  available  pharmacological  agents.  (2)  Inhibition  of 
Akt/mTOR  and  B-Raf/Erk  MAP  kinase  pathways  in  pre-clinical  studies  —  evaluate  the  consequences  of 
inhibiting  Akt/mTOR  and  B-Raf/MAP  signaling  following  androgen-deprivation  in  pre-clinical  studies  in  a  mouse 
model  of  hormone-refractory  prostate  cancer.  These  pre-clinical  studies  will  test  the  hypothesis  that 
pharmacological  manipulation  of  the  Akt/mTOR  and  B-Raf/MAP  kinase  pathways  will  control  or  prevent 
hormone-refractory  disease. 

2.  Body 


2.A.  Summary  of  major  findings 
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Because  of  its  central  relevance  for  prognosis  of 
patients  with  prostate  cancer,  we  have  focused  on 
investigating  the  molecular  mechanisms  underlying 
castration-resistant  disease  and  the  identification  of  new 
molecular  targets  for  therapeutic  intervention.  In 
comparative  analyses  of  prostate  cancer  progression  in 
intact  versus  castrated  Nkx3.1;  Pten  mutant  mice,  we 
found  that  the  Akt/mTOR  and  Erk  MAP  kinase  signaling 
pathways  are  coordinately  up-regulated  during  cancer 
progression,  particularly  in  androgen-independent  tumors 
[1].  Furthermore,  we  showed  that  these  two  signaling 
pathways  cooperate  to  promote  androgen-independent 
tumor  growth  in  vivo  (Fig.  1),  consistent  with  studies  in 
human  prostate  cancer  cells  [2]. 

Based  on  these  observations,  we  have  performed 
pre-clinical  studies  to  test  whether  combinatorial 
inhibition  of  these  pathways  could  block  cancer  progression,  in  androgen-independent  contexts  [3].  For  these 
studies,  we  used  rapamycin  to  target  the  Akt/mTOR  signaling  pathway  and  a  Pfizer  MEK  inhibitor  (PD035901) 
to  target  MEK/MAP  kinase  signaling,  and  examined  pS6  and  pErk  respectively  as  downstream  read-outs  of 
pathway  activity.  Using  our  CASP  cells,  we  found  that  these  agents  act  cooperatively  to  promote  cell  toxicity, 
mediated  in  part  by  the  pro-apoptotic  regulator,  Bim  (Fig.  2). 


B-Raf 


‘B-Raf 


Figure  1.  Synergism  of  Akt  and  B-Raf/Erk  signaling 
for  androgen-independence.  CASP  2.1  cells 
expressing  activated  *Akt  and/or  *B-Raf  (experimental) 
or  a  control  vector  (vector)  were  grown  orthotopically  in 
the  dorsal  prostates  of  nude  male  mice  that  were 
castrated  or  mock-castrated. 


We  next  performed  preclinical  studies  to  evaluate  the  efficacy  of  this  combination  in  vivo.  To  do  so,  we 
treated  the  Nkx3.1;  Pten  mutant  mouse  model  with  combination  therapy  using  rapamycin  and  PD035901 
profoundly  affected  the  growth  of  androgen-independent  prostate  tumors  (Fig.  3).  In  particular,  delivery  of 
these  agents  in  combination  (but  not  individually)  for  a  period  of  one  month  resulted  in  a  significant  reduction  in 
the  occurrence  of  PIN/cancer  lesions,  as  well  as  a  2.5  fold  reduction  in  tumor  size  and  14  fold  decrease  in 
proliferation  (Fig.  3).  Furthermore,  analyses  of  human  tissue  microrarrays  revealed  that  25%  of  human  prostate 
cancer  cases  display  activation  of  both  Akt/mTOR  and  MEK/MAPK  pathways  [3].  These  findings  suggest  that 
a  sizable  population  of  prostate  cancer  patients  may  benefit  from  combination  treatment  targeting  these  two 
signaling  pathways.  In  ongoing  studies,  we  are  pursuing  pre-clinical  studies  in  this  mouse  model  to  evaluate 
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the  best  combination(s)  of  pathway-blocking  agents,  which  should  ultimately  guide  the  development  of  new 
clinical  trials  for  patients  with  castration-resistant  prostate  cancer. 


Figure  2.  Rapamycin  and  PD0325901  display  strong  synergism  in  cell  culture.  (A) 

Analyses  of  IC50  plots  for  CASP  2.1  cells  treated  with  single  and  combination  agents, 
showing  synergy  of  the  drugs  in  combination.  (B)  Bim  is  up-regulated  in  response  to  drug 
treatment.  CASP  2.1  cells  were  transfected  with  control  or  Bim  shRNA,  followed  by 
treatment  with  (1)  vehicle,  (2)  PD035901,  (3)  Rapamycin,  or  (4)  both.  Western  blot 
analyses  were  performed  on  whole  cell  extracts  using  the  indicated  antibodies. 


Figure  3.  Combination  therapy  for 
androgen-independent  prostate 
cancer.  (A)  Experimental  trial 
design  entailed  enrolling  androgen- 
ablated  mutant  (or  control)  mice  at 
~10  months  of  age  randomly  into 
groups  that  were  treated  with 
rapamycin  and/or  PD0325901  (or 
vehicle)  for  21  days  (five  days 
on/two  days  off)  followed  by 
analysis  of  endpoints.  (B-Q) 
Representative  tissue  sections  from 
androgen-ablated  Nkx3.  1+/~;  Pten* 
mice  treated  with  the  single  or 
combination  agents,  showing 
histology  (H&E)  and  marker 
expression.  (R)  Prostate  tissues 
weights,  with  standard  error.  (S) 
Percentage  of  proliferating  cells  as 
determined  by  Ki67  staining.  (T) 
Western  of  protein  extracts  from 
prostate  tissues  following  treatment. 
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2.B.  Relevance  of  major  findings  to  Statement  of  Work 

Aim  1:  Targeting  the  Akt/mTOR  and  B-Raf/MAP  kinase  pathways: 

Task  1 :  Testing  relevant  drugs  in  cell  culture  for  optimal  dosage  and  for  cytotoxicity  (Months  1-9). 

As  a  requisite  first  step,  we  will  obtain  pharmacological  inhibitors  to  the  various  components  of  the  Akt  and 
Erk  MAP  kinase  signaling  pathways  and  test  their  optimal  dosage  in  cell  culture.  These  studies  will  use 
mouse  and  human  prostate  cancer  cell  lines  including  androgen-dependent  and  androgen-independent  cell 
lines  {e.g.,  human  —  LNCaP,  PC3,  VCAP;  mouse  —  CASP2.1 ,  CASP1 .1). 

Progress  and  plans: 
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As  described  in  our  publication  [3],  we  have  performed  these  studies  focusing  on  Rapamycin  (to  target 
mTOR)  and  PD035901  (to  target  MEK,  which  is  upstream  of  MAP  kinase  signaling).  We  now  have  several 
additional  compounds  on  hand  to  begin  testing  in  cell  culture. 

Task  2:  Test  the  drugs  individually  and  in  combination  for  ability  to  inhibit  androgen  independence  in 
cell  culture  (Months  4-12) 

Following  from  the  preceding  studies,  we  will  test  the  consequences  of  these  drugs  for  inhibiting  androgen 
independent  growth  in  culture  using  relevant  mouse  and  human  cell  lines.  We  will  test  the  drugs  individually 
and  together  in  various  combinations.  Analyses  of  the  effects  on  androgen  independent  growth  will  include: 
(1)  growth  assays;  (2)  cell  cycle  analyses;  and  (3)  analyses  of  activation  status  of  the  Akt  and  Erk  MAP 
kinase  signaling  pathways. 

Progress  and  plans: 

As  summarized  in  the  preceding  section  (Fig.  2)  and  in  our  paper  in  the  appendix  [3],  we  have  performed 
these  studies  in  mouse  and  human  prostate  cancer  cells  to  examine  the  efficacy  of  combination  agents 
targeting  the  Akt  and  Erk  MAP  kinase  signaling  pathways  (see  [3]).  During  this  first  year,  we  focused  on 
Rapamycin  and  PD035901  because  of  their  efficacy  and  also  because  of  drug  availability.  We  now  have 
several  additional  compounds  on  hand  to  begin  testing  in  cell  culture. 

Task  3:  Test  the  drugs  individually  and  in  combination  using  human  organ  culture  (Months  12-24) 

To  ascertain  whether  the  results  observed  in  cell  culture  are  relevant  for  the  intact  human  prostate,  we  will 
perform  studies  to  test  the  efficacy  of  the  most  effective  combinations  of  drugs  in  a  human  organ  culture. 
Briefly,  this  assay  entails  culturing  fresh  human  prostate  cancer  tissue  for  1-7  days  during  which  time  the 
tissues  can  be  manipulated  pharmacologically.  The  consequences  of  drug  treatment  will  be  assessed  by 
immunohistochemistry. 

Progress  and  plans: 

These  studies  will  be  initiated  this  year,  beginning  with  establishing  the  organ  culture  assay. 

Aim  2:  Inhibition  of  Akt/mTOR  and  B-Raf/MAP  kinase  pathways  in  pre-clinical  studies: 

Task  1:  Testing  relevant  drug  combinations  for  optimal  dosage  and  PD  in  vivo  (Months  12-18). 

Focusing  on  the  most  promising  combinations  of  drugs  identified  in  the  studies  in  Aim  1,  we  will  first 
investigate  the  optimal  dosage  individually  and  in  combination  in  vivo.  Our  starting  point  will  be  the 
recommended  dosages  from  the  published  literature  (see  Table  above).  We  will  also  determine  the  efficacy 
of  the  agents  in  inhibiting  their  targets  in  vivo  (PD  studies). 

Progress  and  plans: 

We  have  performed  initial  PK/PD  studies  in  the  mutant  mouse  model  using  the  Rapamycin  and  PD035901. 
The  results  are  described  in  detail  in  our  attached  publication  [3].  We  will  be  initiating  studies  with  new 
agents  that  look  promising  from  our  cell  culture  studies. 

Task  2:  Test  the  drugs  individually  and  in  combination  for  ability  to  inhibit  androgen  independence  in 
vivo  (Months  18-36). 

Following  from  the  preceding  studies,  we  will  investigate  the  ability  for  the  drugs  individually  and  together  to 
inhibit  androgen  independent  prostate  cancer  in  vivo  in  a  mutant  mouse  model  and  in  an  orthotopic  human 
tumor  model.  Androgen  independent  growth  will  be  evaluated  by  determining:  (1)  the  size  and  histological 
appearance  of  the  prostate;  (2)  the  relative  proliferative  versus  apoptotic  index;  and  (3)  the  efficacy  of 
inhibiting  the  relevant  target  in  vivo  using  immunochemical  detection. 

Progress  and  plans: 

As  summarized  in  the  preceding  section  (Fig.  3)  and  in  our  attached  publication  [3],  we  have  performed 
pre-clinical  studies  in  the  mutant  mouse  model  to  examine  the  efficacy  of  combination  agents  targeting  the 
Akt  and  Erk  MAP  kinase  signaling  pathways  for  inhibition  of  androgen-independent  prostate  cancer.  During 
this  first  year,  we  have  focused  on  Rapamycin  and  PD035901  because  of  their  efficacy  in  cell  culture  and 
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also  because  of  drug  availability.  We  now  have  several  additional  compounds  on  hand  that  we  are 
beginning  to  test  in  cell  culture;  the  promising  agents  will  be  evaluated  in  vivo. 

3.  Key  Research  Accomplishments 

•  Performed  cell  culture  studies  to  evaluate  efficacy  of  combination  therapy  in  cell  culture 

•  Showed  that  combination  therapy  with  Rapaymcin  and  PD035901  acts  synergistically  in  cell  culture 

•  Showed  that  combination  therapy  with  Rapaymcin  and  PD035901  works  through  regulating  Biml 

•  Performed  initial  studies  in  the  Nkx3.1;  Pten  mutant  mouse  model  of  prostate  cancer  to  evaluate  the 
PK/PD  of  Rapaymcin  and  PD035901  in  vivo 

•  Performed  preclinical  studies  in  the  Nkx3. 1;  Pten  mutant  mouse  model  of  prostate  cancer  to  examine 
the  efficacy  of  this  combination  for  treatment  of  androgen-independent  prostate  cancer. 

•  Collected  additional  agents  for  testing  efficacy  in  upcoming  year  first  in  cell  culture,  followed  by  in  vivo. 

4.  Reportable  Outcomes 

Kinkade,  C.W.,  Castillo-Martin,  M.,  Puzio-Kuter,  A.,  Yan,  J.,  Foster,  T.H.,  Gao,  H.,  Sun  Y.,  Ouyang,  X.,  Gerald, 
W.L.,  Cordon-Cardo,  C.,  and  Abate-Shen,  C.  Targeting  Akt/TOR  and  Erk  MAPK  signaling  inhibits 
hormone-refractory  prostate  cancer  in  a  pre-clinical  mouse  model.  Journal  of  Clinical  Investigations. 
(2008)  118:  3051-3064. 

5.  Conclusion 

Although  most  men  diagnosed  with  early  stage  prostate  cancer  have  favorable  outcomes,  those  with  advanced 
disease  and  particularly  hormone-refractory  prostate  cancer  eventually  succumb  to  lethality  since  treatment 
options  are  limited.  We  have  been  investigating  targeted  therapies  for  the  treatment  of  advanced  prostate 
cancer  using  a  genetically-engineered  mouse  model  of  the  disease,  namely  the  Nkx3.1;  Pten  mutant  mice. 
Based  on  previous  studies  showing  that  the  Akt/mTOR  and  Erk  MAP  kinase  signaling  pathways  cooperate  in 
prostate  cancer  progression,  we  performed  pre-clinical  studies  in  the  Nkx3.1;  Pten  mutant  mice  to  examine  the 
consequences  of  combinatorial  inhibition  of  these  signaling  pathways  for  prostate  tumorigenesis  in  androgen- 
dependent  and  -independent  contexts.  We  found  that  combination  therapy  using  Rapamycin,  an  inhibitor  of 
mTOR,  and  PD0325901,  a  MEK  inhibitor,  is  potently  anti-tumorigenic  in  Nkx3.1;  Pten  mutant  mice,  particularly 
in  contexts  of  limiting  androgens.  Furthermore,  we  find  that  these  signaling  pathways  are  coordinately  de¬ 
regulated  during  prostate  cancer  progression  in  humans,  as  evident  by  our  comprehensive  analyses  of  their 
status  in  human  tissue  microarrays.  Based  on  these  pre-clinical  studies  in  the  mutant  mice,  and  our  supporting 
data  from  human  prostate  cancer,  we  propose  that  combination  therapy  targeting  the  Akt/mTOR  kinase  and 
Erk  Map  kinase  signaling  pathways  may  be  effective  for  treatment  of  a  broad  spectrum  of  patients  with 
advanced  prostate  cancer,  particularly  when  used  in  conjunction  with  androgen  deprivation  therapy. 
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The  AKT/mammalian  target  of  rapamycin  (AKT/mTOR)  and  ERK  MAPK  signaling  pathways  have  been 
shown  to  cooperate  in  prostate  cancer  progression  and  the  transition  to  androgen-independent  disease.  We 
have  now  tested  the  effects  of  combinatorial  inhibition  of  these  pathways  on  prostate  tumorigenicity  by  per¬ 
forming  preclinical  studies  using  a  genetically  engineered  mouse  model  of  prostate  cancer.  We  report  here  that 
combination  therapy  using  rapamycin,  an  inhibitor  of  mTOR,  and  PD0325901,  an  inhibitor  of  MAPKkinase  1 
(MEK;  the  kinase  directly  upstream  of  ERK),  inhibited  cell  growth  in  cultured  prostate  cancer  cell  lines  and 
tumor  growth  particularly  for  androgen-independent  prostate  tumors  in  the  mouse  model.  We  further  showed 
that  such  inhibition  leads  to  inhibition  of  proliferation  and  upregulated  expression  of  the  apoptotic  regula¬ 
tor  Bcl-2-interacting  mediator  of  cell  death  (Bim).  Furthermore,  analyses  of  human  prostate  cancer  tissue 
microarrays  demonstrated  that  AKT/mTOR  and  ERK  MAPK  signaling  pathways  are  often  coordinately  dereg¬ 
ulated  during  prostate  cancer  progression  in  humans.  We  therefore  propose  that  combination  therapy  target¬ 
ing  AKT/mTOR  and  ERK  MAPK  signaling  pathways  may  be  an  effective  treatment  for  patients  with  advanced 
prostate  cancer,  in  particular  those  with  hormone-refractory  disease. 


Introduction 

Prostate  cancer  is  one  of  the  most  common  neoplasms,  particularly 
among  aging  males  in  the  United  States.  Like  many  adenocarcino¬ 
mas,  prostate  tumors  arise  from  preinvasive  lesions,  mainly  pros¬ 
tatic  intraepithelial  neoplasia  (PIN),  which  ultimately  progress  to 
adenocarcinoma  and,  in  some  cases,  metastatic  disease  (1).  Cancer 
progression,  as  well  as  all  aspects  of  normal  prostate  differentiation, 
are  critically  dependent  upon  androgen  receptor  (AR)  signaling  (2). 

While  the  prognosis  for  men  diagnosed  with  early-stage  dis¬ 
ease  has  improved  considerably  in  recent  years,  due  to  advances 
in  the  treatment  of  organ-confined  prostate  cancer,  there  are  still 
few  effective  therapeutic  options  for  advanced  prostate  cancer 
(3-5).  The  most  common,  namely  abrogation  of  AR  signaling  via 
hormone  deprivation  therapy,  is  initially  effective  but  ultimately 
leads  to  a  hormone-refractory  form  of  the  disease,  which  is  usually 
highly  aggressive  and  frequently  lethal.  Although  advances  in  che¬ 
motherapy  have  improved  patient  outcome  (4-7),  there  remains  a 
clear  need  for  effective  mechanism-based  therapeutic  approaches 
that  can  achieve  long-term  improvements  in  patient  outcome. 

Among  the  major  signaling  networks  that  have  been  implicated  in 
advanced  prostate  cancer  are  the  AKT/mammalian  target  of  rapamy- 
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cin  (AKT/mTOR)  and  MAPK  pathways.  Indeed,  deregulated  expres¬ 
sion  and/or  mutations  of  the  phosphate  and  tensin  homolog  tumor 
suppressor  gene  ( PTEN)  occur  with  high  frequency  in  prostate  can¬ 
cer,  leading  to  aberrant  activation  of  AKT  kinase  activity  as  well  as  its 
downstream  effectors,  including  the  mTOR  signaling  pathway  (e.g., 
refs.  8-11).  In  addition,  many  prostate  tumors  display  deregulated 
growth  factor  signaling,  which  may  result  in  activation  of  MAPK 
kinase  1  (MEK)  kinase  and  ultimately  ERK  MAP  signaling  (e.g., 
refs.  12,  13).  Notably,  previous  studies  have  demonstrated  that  the 
AKT/mTOR  and  MAPK  signaling  pathways  are  alternatively  and/ 
or  coordinately  expressed  in  advanced  prostate  cancer  and  function 
cooperatively  to  promote  tumor  growth  and  the  emergence  of  hor¬ 
mone-refractory  disease  (8,  11,  13-16).  These  observations  formed 
the  basis  for  our  hypothesis  that  targeting  these  signaling  pathways 
combinatorially  may  be  effective  for  inhibiting  tumorigenicity  and 
androgen  independence  in  prostate  cancer. 

In  the  current  study,  we  have  investigated  the  consequences  of 
combinatorial  inhibition  of  the  AKT/mTOR  and  ERK  MAPK  sig¬ 
naling  pathways  by  integrating  preclinical  studies  in  a  genetically 
engineered  mouse  model,  with  analyses  of  the  status  of  these  path¬ 
ways  in  human  clinical  specimens.  We  have  employed  the  Nkx3.1: 
Pten  mutant  mouse  model,  which  recapitulates  many  features  of 
human  prostate  cancer  (15,  17, 18).  In  particular,  these  mutant  mice 
develop  PIN,  which  progresses  to  adenocarcinoma  with  high  pen¬ 
etrance  (>90%)  and  with  a  highly  reproducible  time  course  of  disease 
progression,  while  androgen  deprivation  leads  to  the  emergence  of 
hormone-refractory  tumors  (Figure  1A)  (15,  17,  18).  Furthermore, 
many  key  molecular  pathways  that  are  known  to  be  altered  in 
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human  prostate  cancer  are  also  altered  during  cancer  progression  in 
these  mice  ( 1 9-2 1 ).  Most  relevant  for  the  current  study,  Nkx3. 1 :  Pten 
mutant  mice  display  activation  of  AKT/mTOR  and  ERK  MAPK  sig¬ 
naling  during  prostate  cancer  progression  in  androgen-dependent 
and  androgen-independent  contexts  (15).  Therefore,  we  reasoned 
that  these  Nkx3.1 ;  Pten  mice  should  provide  an  excellent  preclinical 
model  to  test  the  consequences  of  combinatorial  targeting  of  AKT/ 
mTOR  and  ERK  MAPK  signaling  for  prostate  tumorigenesis. 

We  now  report  that  combinatorial  inhibition  of  the  AKT/mTOR 
and  ERK  MAPK  signaling  pathways  is  highly  effective  for  inhibi¬ 
tion  of  prostate  tumorigenicity  in  vivo,  particularly  for  androgen- 
independent  tumors.  Furthermore,  our  analyses  of  the  status  of 
the  PTEN/AKT/mTOR  signaling  pathway  in  human  prostate 
tumors,  as  well  as  its  correlation  with  activation  of  ERK  MAPK 
signaling,  confirm  that  these  pathways  are  frequently  deregulated 
in  human  prostate  cancer  and  are,  therefore,  suitable  targets  for 
therapeutic  intervention.  We  propose  that  combination  therapy 
targeting  the  AKT/mTOR  and  ERK  MAPK  signaling  pathways 
may  be  applicable  to  a  broad  spectrum  of  patients  with  advanced 
prostate  cancer,  particularly  those  with  hormone-refractory  dis¬ 
ease,  for  which  novel  treatment  options  are  urgently  needed. 

Results 

Inhibition  of  AKT/mTOR  and  ERK  MAPK  signaling  pathways  withrapa- 
mycin  and  PD0325901.  Based  on  previous  studies  showing  that 
AKT/mTOR  and  ERK  MAPK  signaling  pathways  synergize  to  pro¬ 
mote  prostate  tumorigenicity  in  human  prostate  cancer  cell  lines 
in  culture  as  well  as  in  Nkx3.1 ;  Pten  mutant  mice  in  vivo  (15,  16), 
we  hypothesized  that  targeted  therapy  to  combinatorially  inhibit 
these  signaling  pathways  would  be  effective  for  blocking  prostate 
tumor  growth.  Therefore,  we  developed  experimental  paradigms 
to  test  the  consequences  of  inhibiting  these  pathways  individually 
or  together  in  androgen-dependent  and  androgen-independent 
prostate  tumors  in  the  Nkx3.1:  Pten  mutant  mice  (Figure  1A). 

In  deciding  upon  the  appropriate  agents  to  test  this  hypothesis, 
our  primary  considerations  were:  (a)  the  accessibility/availability 
of  relevant  small-molecule  inhibitors  for  these  pathways;  (b)  the 
appropriateness  of  such  agents  for  use  in  vivo  as  well  as  in  cell  cul¬ 
ture;  and  (c)  the  feasibility  of  using  such  agents  combinatorially. 
To  achieve  inhibition  of  ERK  MAPK  signaling,  we  opted  to  target 
MEK  kinase,  since  it  is  directly  upstream  of  ERK,  which  is  consid¬ 
ered  to  be  its  primary  target  (12).  Notably,  several  MEK  inhibitors 
are  now  available  that  have  been  shown  to  have  potent  antican¬ 
cer  growth  properties,  some  of  which  are  currently  in  clinical  tri¬ 
als  (22-24).  For  these  studies,  we  used  PD0325901  (from  Pfizer), 
which  is  similar  to  its  predecessor  Cl- 1040  (24),  albeit  reported  to 
have  improved  potency  (22). 

In  lieu  of  AKT,  effective  inhibitors  for  which  are  still  not  wide¬ 
ly  available,  we  chose  to  target  mTOR,  since  many  of  the  down¬ 
stream  consequences  of  the  AKT  kinase  are  thought  to  be  medi¬ 
ated  through  mTOR  signaling  (25,  26)  and  since  components  of 
the  mTOR  pathway  have  been  shown  to  be  activated  in  advanced 
prostate  cancer  (10).  Moreover,  unlike  inhibitors  of  AKT.  inhibi¬ 
tors  of  mTOR,  namely  rapamycin  and  its  derivatives  (e.g.,  CCI-779 
from  Wyeth  and  RAD00 1  from  Novartis),  are  now  readily  available 
and  considered  to  be  promising  anticancer  agents  (27).  Notably, 
although  their  efficacy  as  single  agents  may  be  limited,  rapamycin 
and  related  compounds  are  considered  to  be  particularly  suitable 
for  use  in  combination  therapy  (e.g.,  refs.  27,  28).  For  these  pre¬ 
clinical  studies,  we  chose  to  use  rapamycin  (rather  than  one  of  the 


newer  derivatives),  since  it  is  commercially  available  and  therefore 
logistically  more  feasible  to  use  in  combination  with  PD0325901, 
which  is  obtained  from  Pfizer. 

Although  rapamycin  and  PD0325901  have  been  used  as  single 
agents  in  genetically  engineered  mice  (24, 29-33),  it  was  first  neces¬ 
sary  to  define  the  optimal  experimental  parameters  for  their  use  in 
combination  in  vivo.  To  do  so,  we  performed  pilot  studies  in  the 
Nkx3.1;  Pten  mutant  mice  to  verify  the  optimal  dosage  as  well  as  the 
appropriate  dosing  schedule  for  the  agents  delivered  individually 
or  in  combination.  For  these  and  most  subsequent  studies,  we  used 
phosphorylation  of  S6  (p-S6),  which  is  downstream  of  mTOR,  as 
an  indicator  of  mTOR  pathway  activity  and  phosphorylation  (i.e., 
activation)  of  ERK  MAPK  as  an  indicator  of  MEK  inhibition. 

In  general,  we  found  that  the  optimal  use  of  these  agents  in 
combination  was  similar  to  their  previously  reported  use  as  single 
agents.  In  particular,  we  found  that  a  single  dose  of  rapamycin  plus 
PD0325901  delivered  to  the  Nkx3.1;Pten  mutant  mice  individually 
or  together  resulted  in  the  effective  inhibition  of  their  respective 
targets  (i.e.,  p-S6  and  p-ERK,  respectively)  for  up  to  24  hours  (Fig¬ 
ure  IB).  Moreover,  we  found  that  the  appropriate  doses  of  rapa¬ 
mycin  and  PD0325901  needed  to  achieve  effective  inhibition  of 
their  respective  targets,  while  resulting  in  limited  toxicity  or  loss 
of  body  weight  (see  Supplemental  Table  1;  supplemental  material 
available  online  with  this  article;  doi:10.1 172/JCI34764DS1),  were 
similar  to  those  in  published  reports  for  their  use  as  single  agents. 
In  particular,  we  found  that  i.p.  delivery  of  10  mg/kg  of  rapamycin 
resulted  in  significant  inhibition  of  p-S6,  and  conversely  that  oral 
delivery  of  20  mg/kg  of  PD032590 1  resulted  in  effective  inhibition 
of  p-ERK.  as  evident  by  immunostaining  and  Western  blot  analy¬ 
ses  of  prostate  tissues  (Figure  1,  B-I).  Therefore,  for  these  preclini¬ 
cal  studies,  we  implemented  a  once-daily  dosing  schedule  using 
1 0  mg/kg  of  rapamycin  and/or  20  mg/kg  of  PD032590 1 . 

Rapamycin  and  PD0325901  synergize  to  inhibit  prostate  cell  growth 
in  culture.  To  quantify  the  individual  and  combinatorial  effects 
of  rapamycin  and  PD0325901,  we  performed  studies  in  culture 
using  mouse  CASP  prostate  cancer  cell  lines,  which  were  gener¬ 
ated  from  primary  tumors  from  the  Nkx3.1:  Pten  mutant  mice  and 
include  both  androgen-responsive  (CASP  2.1)  and  androgen-inde¬ 
pendent  (CASP  1.1)  lines  (15,  19).  First,  we  evaluated  the  IC50  of 
the  single  agents,  which  was  0.3  nM  for  rapamycin  and  40  nM  for 
PD0325901  in  these  CASP  cells  (Figure  2,  A  and  B).  In  contrast, 
the  IC50  of  the  agents  in  combination  was  shifted  to  0.0018  nM 
for  rapamycin  and  1 1  nM  for  PD0325901  (Figure  2,  C  and  D).  To 
determine  whether  the  shift  in  IC50  for  the  combination  reflected 
their  synergism  in  cell  culture,  we  assessed  their  combination 
index  (Cl),  which,  as  calculated  based  on  the  Chou-Talalay  equa¬ 
tion,  provides  a  means  of  quantifying  the  differential  sensitivity 
of  agents  in  combination  (34).  The  Cl  takes  into  account  both 
potency  (IC50)  and  the  shape  of  the  dose-effect  curve,  such  that 
a  Cl  value  of  less  than  1  indicates  synergism,  a  Cl  value  of  1  indi¬ 
cates  an  additive  effect,  while  a  value  greater  than  1  indicates 
antagonism.  We  found  that  rapamycin  and  PD0325901  displayed 
extremely  low  CIs  (i.e.,  in  the  range  of  0.03-0.1;  Figure  2E),  indi¬ 
cating  their  strong  synergism  in  cell  culture. 

To  gain  initial  insights  regarding  the  mechanistic  basis  for  the 
combinatorial  effects  of  rapamycin  and  PD0325901,  we  investi¬ 
gated  the  expression  status  of  various  apoptotic  regulatory  pro¬ 
teins.  We  found  that  Bim  (35,  36)  was  upregulated  in  response  to 
the  drug  treatment,  which  is  notable,  since  it  has  been  shown  to  be 
upregulated  by  inhibitors  of  mTOR  and  MEK  in  other  cell  types 
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Figure  1 

Inhibition  of  AKT/mTOR  and  ERK  MAPK  signaling  pathways  with  rapamycin  and  PD0325901 .  (A)  Diagram  of  the  experimental  strategy. 

mutant  mice  develop  low-grade  and  high-grade  PIN  (LGPIN  and  HGPIN,  respectively)  and  ultimately  adenocarcinoma  as  a  consequence 
of  aging,  as  well  as  androgen  independence  following  castration.  The  trial  design  entailed  enrolling  androgen-intact  or  androgen-ablated  mutant 
(or  control)  mice  at  approximately  10  months  of  age  randomly  into  groups  that  were  treated  with  rapamycin  and/or  PD0325901  (or  vehicle)  for 
21  days  (5  days  on/2  days  off),  after  which  the  mice  were  sacrificed  (Sac)  for  analyses  of  end  points  (i.e.,  histology,  prostate  weights,  cellular 
proliferation,  immunohistochemistry,  and  Western  blot  analyses;  Figures  3-6  and  Table  1).  AD,  androgen-dependent;  Al,  androgen-independent. 
(B)  Rapamycin  and  PD0325901  inhibit  their  respective  targets  in  the  prostate  for  up  to  24  hours.  Western  blot  analyses  were  performed  using 
protein  extracts  prepared  from  the  dorsolateral  prostate  of  mutant  mice  (10  months)  treated  with  rapamycin  plus  PD0325901 

for  the  times  indicated.  Each  group  had  3  mice;  Western  blot  analyses  were  done  with  at  least  2  independent  mice  in  each  group,  and  rep¬ 
resentative  samples  are  shown.  (C-N)  Rapamycin  and  PD0325901  lead  to  inhibition  of  target  proteins  in  mouse  prostate  tissues  in  vivo. 
Immunohistochemical  analyses  were  performed  using  the  indicated  antibodies  on  sections  from  the  anterior  prostate  of  mutant 

mice  (1 0  months;  androgen-intact)  treated  with  rapamycin  and/or  PD0325901  (or  vehicle)  as  indicated  for  1  week.  Scale  bar:  1 00  pm. 


(e.g.,  ref.  37).  Notably,  while  rapamycin  and  PD0325901  effectively 
inhibited  their  target  pathways  when  used  individually  or  in  com¬ 
bination,  upregulation  of  Bim  expression  was  most  marked  when 
the  drugs  were  used  in  combination  (Figure  2F).  Furthermore, 
we  found  that  siRNAi-mediated  knockdown  of  Bim  resulted  in  a 
partial  rescue  of  the  consequences  for  cell  survival  in  MTT  assays, 
suggesting  that  the  activity  of  these  agents  is  mediated  at  least  in 
part  by  upregulation  of  Bim  (Figure  2G). 

Collectively,  these  data  suggest  that  rapamycin  and  PD0325901 
act  synergistically  to  promote  cell  death  in  culture,  which  reflects, 
at  least  in  part,  their  combinatorial  effects  on  the  apoptotic  regu¬ 
lator  Bim.  Furthermore,  although  our  study  is  primarily  focused 
on  the  efficacy  of  these  agents  in  mutant  mice,  we  have  found 


that  these  agents  also  inhibit  their  respective  pathways  in  human 
prostate  cancer  cells  (Supplemental  Figure  1),  which  suggests  that 
these  agents  may  have  a  similar  benefit  in  human  prostate  cancer. 

Preclinical  analyses  of  combination  therapy  with  rapamycin  and 
PD0325901.  Having  demonstrated  the  combinatorial  efficacy  of 
rapamycin  and  PD0325901  for  inhibiting  their  respective  target 
pathways  in  prostate  cells  in  vivo  and  in  culture,  as  well  as  having 
established  optimal  experimental  conditions  for  their  combined 
use  in  vivo,  we  next  investigated  their  potential  antitumor  effects 
in  Nkx3.P.  Pten  mutant  mice.  In  particular,  we  performed  preclini¬ 
cal  studies  to  compare  the  consequences  of  these  agents  for:  (a) 
treatment  of  androgen-dependent  prostate  cancer  (i.e.,  in  mice 
that  were  androgen-intact);  and  (b)  treatment  of  androgen-inde- 
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Figure  2 

Rapamycin  and  PD0325901  display  strong  synergism  in  cell  culture.  (A-D)  Analyses  of  IC5o  plots  for  the  single  agents  (A  and  B)  and  the  combi¬ 
nation  agents  (C  and  D).  (E)  Graphic  representation  of  the  Cl  for  rapamycin  and  PD0325901 .  These  data  are  shown  for  CASP  1 .1  cells;  similar 
results  were  obtained  for  CASP  2.1  cells  (not  shown).  Note  that  Cl  values  were  well  below  0.1 ,  indicating  strong  synergism  of  the  drugs.  (F  and 
G)  Bim  is  upregulated  in  response  to  drug  treatment.  CASP  1 .1  or  CASP  2.1  cells  were  transfected  with  a  control  or  Bim  siRNAi,  followed  by 
treatment  with  vehicle  or  the  indicated  compounds  in  the  medium  for  48  hours.  (F)  Western  blot  analyses  done  on  whole  cell  extracts  using  the 
indicated  antibodies  or  a  control  for  protein  loading  (Ponceau  S  staining).  (G)  Results  of  MTT  assays,  indicating  the  enhanced  cell  survival  in 
the  drug-treated  cells  following  treatment  with  Bim  siRNAi.  The  values  compare  the  control  (siCont)  and  the  Bim  siRNAi  (siBim)  in  each  group. 
Data  are  expressed  as  mean  ±  SEM. 


pendent  prostate  cancer  (i.e.,  in  mice  that  had  been  castrated  and 
had  developed  hormone-refractory  tumors)  (Figure  1A). 

We  used  Nkx3.1;  Pten  mutant  mice  (i.e.,  Nkx3.1+/^Pten+/ ~  or 
Nkx3. 1~/  Pten+/  )  or  wild-type  littermates  (i.e.,  Nkx3.1+/+Pten+/+)  at 
10-12  months,  by  which  age  the  mutant  mice  display  virtually  com¬ 
plete  penetrance  of  high-grade  PIN  with  associated  adenocarcino¬ 
ma,  as  well  as  complete  penetrance  of  hormone-refractory  tumors 
following  surgical  castration  (Figure  1  A)  (15, 17, 1 8).  Cohort  groups 
were  composed  of  mutant  (or  control)  mice  randomly  assigned  to 
receive  vehicle  alone,  single  agents  (rapamycin  or  PD0325901),  or 
the  combination  therapy  (rapamycin  plus  PD0325901)  (Table  1 


and  Supplemental  Table  1).  Agents  were  provided  for  a  period  of 
3  weeks  using  a  dosage  schedule  of  once  daily  for  5  days,  with  2  days 
off  to  allow  the  mice  to  recover.  Endpoint  analyses  included 
semiquantitative  histological,  immunohistochemical,  and  Western 
blot  analyses,  as  well  as  quantitative  assessments  of  prostate  tissue 
weights  and  proliferation  index  (Figures  3-5;  summarized  in  Table  1 
and  Supplemental  Table  1);  notably,  we  assessed  outcome  based  on 
analyses  of  the  combination  of  these  various  endpoints  rather  than 
any  individual  parameter. 

To  augment  these  studies  in  the  whole  animal,  we  performed 
complementary  studies  using  a  tissue  recombination  model  in 
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Table  1 

Data  summary 


Experimental  group  No.  of  mice  Tumor  weight  Proliferation 


Fold  change 

P 

Fold  change 

P 

Paradigm  1 :  Treatment  of  AD  cancer 

Vehicle 

6 

NA 

NA 

NA 

NA 

Rapamycin 

4 

2.25 

0.066 

2.05 

0.175 

PD0325901 

4 

0.88 

0.453 

1.66 

0.197 

Rapamycin  +  PD0325901 

5 

1.73 

0.111 

2.44 

0.165 

Paradigm  2:  Treatment  of  Al  cancer 

Vehicle 

9 

NA 

NA 

NA 

NA 

Rapamycin 

5 

1.38 

0.062 

2.13 

0.032 

PD0325901 

6 

1.30 

0.041 

2.74 

0.008 

Rapamycin  +  PD0325901 

10 

2.18 

0.0002 

14.64 

0.0001 

Paradigm  3:  Adjuvant  therapy  of  Al  cancer 

Vehicle 

6 

NA 

NA 

NA 

NA 

Rapamycin 

8 

2.18 

0.022 

2.56 

0.071 

PD0325901 

8 

3.00 

0.010 

3.21 

0.022 

Rapamycin  +  PD0325901 

12 

3.32 

0.012 

3.35 

0.035 

AD,  androgen-dependent;  Al,  androgen-independent. 


which  prostate  epithelium  from  Nkx3.1;  Pten  mutant  (or  wild- 
type)  mice  is  combined  with  wild-type  rat  mesenchyme  and  grown 
under  the  kidney  capsule  of  androgen-intact  or  androgen-ablated 
nude  male  hosts  (15)  (Figure  6  and  Supplemental  Table  1 ).  This 
strategy  complements  studies  done  in  the  whole  animal  (i.e.,  in 
the  Nkx3.1;  Pten  mutant  mice)  in  2  important  respects.  First,  it 
enables  evaluation  of  the  efficacy  of  combination  therapy  in  vivo 
for  the  intended  target  cells  (i.e.,  the  prostate  epithelial  cells),  as 
opposed  to  the  target  tissue  (i.e.,  intact  prostate).  Second,  because 
of  the  nature  of  how  the  tissue  recombinants  are  made,  tumor 
growth  is  relatively  uniform  (and  therefore  more  easily  quantified) 
in  the  tissue  recombination  model,  in  contrast  to  the  intrinsically 
more  heterogenous  tumor  growth  that  occurs  in  the  whole  ani¬ 
mal.  Flowever,  since  preclinical  studies  are  inherently  more  mean¬ 
ingful  in  the  context  of  the  whole  animal  with  an  intact  immune 
response,  studies  done  in  the  Nkx3.1:  Pten  mutant  mice  and  the 
tissue  recombination  model  are  complementary,  not  redundant. 

Combination  therapy  with  rapamycin  and  PD0325901  is  potently  anti- 
tumorigenetic  for  androgen-independent  prostate  cancer.  To  test  the 
efficacy  of  rapamycin  and  PD0325901  for  the  treatment  of  andro¬ 
gen-dependent  prostate  cancer,  we  performed  preclinical  studies 
in  androgen-intact  Nkx3.1:  Pten  mutant  mice  as  well  as  in  tissue 
recombinants  grown  in  androgen-intact  nude  male  hosts  using  the 
experimental  conditions  outlined  above  (Figure  3,  Figure  5,  A-D. 
Figure  6,  A-H,  Table  1,  and  Supplemental  Table  1).  We  found  that, 
whether  delivered  individually  or  in  combination,  rapamycin  and 
PD0325901  effectively  inhibited  their  respective  target  pathways 
in  prostate  tissues,  as  evidenced  by  immunohistochemistry  and 
Western  blot  analysis  for  p-S6  and  p-ERK  (Figure  3,  F-M,  and  Fig¬ 
ure  5D).  Notably,  in  combination,  these  agents  resulted  in  a  more 
striking  inhibition  of  their  target  proteins,  as  well  as  inhibition  of 
p-AKT  (Figure  3,  B-Q,  and  Figure  5D). 

Nonetheless,  both  the  single  agents  and  the  combination  were 
only  modestly  effective  for  inhibiting  prostate  tumorigenicity  in 
this  context.  For  example,  the  combination  therapy  produced  a 
modest,  albeit  not  statistically  significant,  reduction  in  prostate 


weight  in  the  whole  animal  (1.7-fold;  P=  0. 1 1 1 )  and  proliferation 
rate  (2.4-fold;  P=  0.165)  (Figure  3,  R-U,  Figure  5,  B  and  C,  and 
Table  1).  However,  in  the  tissue  recombinant  model,  the  drug 
combination  did  result  in  a  significant  inhibition  of  tumor  size 
(2.6-fold;  P  =  0.033)  (Figure  6,  A-H),  which  likely  reflects  the 
uniformity  of  tumor  growth  in  the  tissue  recombinants  rela¬ 
tive  to  the  whole  animal.  Therefore,  although  rapamycin  and 
PD0325901  effectively  inhibit  rnTOR  and  ERK  MAPK  signaling 
in  androgen-dependent  prostate  cancer,  they  do  not  optimally 
inhibit  tumor  growth  in  this  context. 

In  striking  contrast,  rapamycin  and  PD0325901  were  highly 
effective  for  inhibiting  androgen-independent  tumor  growth  in 
the  Nkx3.1:  Pten  mutant  mice  (Figure  4,  Figure  5,  E  and  F,  and 
Figure  6, 1-P).  In  particular,  both  the  single  agents  and  the  com¬ 
bination  therapy  resulted  in  inhibition  of  their  respective  target 
proteins,  p-S6  and  p-ERK,  although  as  above,  the  combination 
produced  a  more  profound  inhibition  of  these  proteins  as  well 
as  the  additional  inhibition  of  p-AKT  (Figure  4,  B-Q,  and  Fig¬ 
ure  5H).  Moreover,  while  the  single  agents  each  resulted  in  a  sta¬ 
tistically  significant  reduction  in  tumor  size  and  proliferation 
(see  Table  1  and  Figure  5,  F  and  G),  the  combination  therapy 
produced  a  profound  abrogation  of  the  histological  phenotype, 
as  well  as  a  significant  reduction  in  tumor  weights  (2.2-fold; 
P=  0.0002)  and  cellular  proliferation  (14.7-fold;  P=  0.0001)  (Fig¬ 
ure  4,  B-E  and  R-U,  Figure  5,  F  and  G,  and  Table  1).  Moreover, 
the  efficacy  of  this  drug  combination  for  androgen-independent 
prostate  cancer  was  recapitulated  in  the  tissue  recombination 
model  of  the  disease  (3.2-fold;  P=  0.007)  (Figure  6, 1-P).  These 
findings  demonstrate  that  combination  therapy  targeting  the 
AKT/mTOR  and  ERK  MAPK  signaling  pathways  is  highly  effec¬ 
tive  for  the  treatment  of  hormone-refractory  prostate  cancer  in  a 
preclinical  model  of  the  disease. 

Considering  the  profound  effects  of  this  combination  therapy 
for  inhibiting  androgen-independent  prostate  cancer,  we  investi¬ 
gated  whether  this  drug  combination  might  also  be  effective  in  an 
adjuvant  therapy  model  for  hormone-refractory  prostate  cancer. 
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Figure  3 

Modest  efficacy  of  rapamycin  and 
PD0325901  for  treatment  of  andro¬ 
gen-dependent  prostate  cancer. 
(A)  Diagram  of  the  experimental 
strategy,  as  per  Figure  1.  (B-U) 
Representative  tissue  sections 
from  the  mutant 

mice  treated  with  the  single  agent 
or  combination  of  agents,  showing 
histological  phenotype  (H&E)  and 
immunostaining  for  the  antibodies 
indicated.  H&E  analyses  were  per¬ 
formed  on  all  experimental  mice  in 
each  group;  immunohistochemistry 
was  done  on  a  minimum  of  4  animals 
from  each  group;  representative  data 
are  shown.  Scale  bars:  100  (im. 


Specifically,  rapamycin  and  PD0325901  were  provided  for  a  period 
of  3  weeks  directly  following  androgen  ablation  of  the  Nkx3.1:  Pten 
mutant  mice  or  tissue  recombinants  grown  in  the  nude  mice  (Figure 
7  and  Table  1).  In  this  context,  the  drug  combination  was  highly 
effective  for  inhibiting  prostate  tumor  growth,  as  evidenced  by  the 
striking  effects  on  the  histological  phenotype,  as  well  as  the  signifi¬ 
cant  reduction  in  the  prostate  weight  (3.3-fold;  P=  0.012)  and  cel¬ 
lular  proliferation  (3.4-fold;  P=  0.035)  in  the  Nkx3.1:  Pten  mutant 
mice  and  in  the  analogous  tissue  recombination  model  (2.2-fold; 
P=  0.018)  (Figure  7).  Therefore,  this  combination  therapy  may  be 
promising  for  adjuvant  therapy  of  hormone-refractory  prostate  can¬ 
cer  when  used  in  combination  with  androgen  deprivation  therapy. 

AKT/mTOR  and  ERK  MAPK  signaling  pathways  are  coordinately  regu¬ 
lated  in  human  prostate  cancer.  Extrapolating  from  these  preclinical 
studies  in  the  mutant  mouse  model,  our  findings  suggest  that 
combination  therapy  targeting  the  AKT/mTOR  and  ERK  MAPK 
signaling  pathways  may  be  beneficial  for  treatment  of  patients 
with  hormone-refractory  prostate  cancer.  Notably,  the  potential 
to  translate  these  findings  from  mice  to  human  prostate  cancer  is 
particularly  promising  considering  that  the  combination  is  effec¬ 


tive  for  inhibiting  their  target  pathways  in  human  prostate  cancer 
cells  (Supplemental  Figure  1)  and  since  the  single  agents  (or  relat¬ 
ed  agents)  are  already  being  used  in  clinical  trials  (22, 27). 

However,  the  efficacy  and  expected  versatility  of  the  combina¬ 
tion  therapy  depends,  in  part,  upon:  (a)  the  frequency  with  which 
these  signaling  pathways  are  deregulated  individually  and  cornbi- 
natorially  in  human  prostate  cancer,  particularly  in  patients  with 
advanced  disease;  and  (b)  the  ease  of  identifying  patients  who  have 
primary  tumors  in  which  these  pathways  are  deregulated  and, 
therefore,  would  be  appropriate  candidates  for  targeted  therapy. 

While  these  issues  have  been  partially  addressed  in  previous 
studies  that  have  examined  the  status  of  individual  components  of 
these  signaling  pathways  in  human  prostate  cancer  (e.g.,  refs.  8-11, 
13),  we  have  now  performed  a  comprehensive  analysis  in  primary 
tumors  and  metastases  from  human  prostate  cancer  patients  to 
evaluate  the  coordinate  expression  of  multiple  components  of  the 
PTEN/AKT/mTOR  signaling  pathway,  as  well  as  their  status  rela¬ 
tive  to  ERK  MAPK  signaling  (Figure  8  and  Table  2).  In  particular, 
we  performed  analyses  using  2  independent  cohorts  of  patients 
assembled  on  2  independent  tissue  microarrays  (TMAs).  This  com- 


6 


The  Journal  of  Clinical  Investigation  http://www.jci.org 


research  article 


A 


Treatment  of  Al  prostate  cancer 

Castration  Treatment 


I  Dysplasia/LGPIN  |  HGPIN 

6  mo 


-4 — i 

I  AI-HGPIN/cancer 

9  mo 


Sac 


Rapamycin  + 

Vehicle  Rapamycin  PD0325901  PD0325901 


Figure  4 

Profound  efficacy  for  prostate  his¬ 
tology  following  treatment  of  andro¬ 
gen-independent  prostate  cancer 
with  rapamycin  and  PD0325901. 
(A)  Diagram  of  the  experimental 
strategy,  as  per  Figure  1.  (B-U) 
Representative  tissue  sections  from 
the  androgen-ablated 

mutant  mice  treated  with 
the  single  or  combination  of  agents, 
showing  histological  phenotype 
(H&E)  and  immunostaining  for  the 
antibodies  indicated.  In  these  and 
all  subsequent  experiments,  H&E 
analysis  was  performed  on  all 
experimental  mice  in  each  group; 
immunohistochemistry  was  done 
on  a  minimum  of  4  animals  from 
each  group;  representative  data  are 
shown.  Scale  bars:  100  pm. 


prehensive  series  enabled  us  to  examine  the  coordinate  expression 
of  several  components  of  the  PTEN/AKT/mTOR  pathway,  as  well 
as  ERK  MAPK,  in  specimens  from  patients  with  benign  prostatic 
hyperplasia  (BPH);  PIN;  prostate  adenocarcinoma  (PCa),  including 
those  with  low  Gleason  (<6)  or  high  Gleason  (>7)  scores;  hormone- 
refractory  cancer;  and  metastases.  In  particular,  we  examined  the 
expression  levels  of  PTEN  as  well  as  the  activation  (phosphoryla¬ 
tion)  of  AKT,  mTOR,  and  p70  S6  kinase  (S6K)  relative  to  each  other 
as  well  as  to  activation  of  ERK  MAPK. 

The  first  TMA  comprised  70  samples,  including  25  cases  of  BPH, 
7  of  PIN,  19  of  low  Gleason  score  cancer,  and  19  of  high  Gleason 
score  cancer  (Table  2).  We  found  that  PTEN  expression  was  mark¬ 
edly  reduced  with  high  frequency  (59%  cases)  during  prostate  can¬ 
cer  progression,  as  determined  by  comparing  BPH,  PIN,  and  PCa 
(P  =  0.05;  Figure  8,  A-C;  PIN  data  not  shown).  We  further  found 
that  the  expression  levels  of  both  p-AKT  and  p-inTOR  were  sig¬ 
nificantly  elevated  in  prostate  cancer  compared  with  BPH  and  PIN 
(P=  0.001;  Figure  8,  D-I;  PIN  data  not  shown).  Similarly,  p-S6K 
expression  was  significantly  higher  in  prostate  cancer  compared 
with  BPH  and  PIN  (P<  0.0001 ;  Figure  8, 1-L;  PIN  data  not  shown). 


Notably,  when  activated,  these  proteins  were  frequently  activated 
in  the  same  patient  samples  and  also  coincident  with  reduced 
expression  of  PTEN  (Figure  8,  C,  F,  I,  L,  and  O,  and  Tables  2-4), 
indicating  that  the  pathway  rather  than  the  individual  compo¬ 
nents  are  coordinately  deregulated. 

To  further  validate  these  results,  as  well  as  the  potential  clinical 
implications  of  identifying  an  altered  PTEN/AKT/mTOR  signal¬ 
ing  pathway  in  prostate  cancer,  we  used  a  second  TMA  composed 
of  an  independent  cohort  of  prostate  cancer  patients.  This  TMA 
represented  a  large,  well-characterized  group  of  535  patients, 
including  65  cases  of  BPH,  78  of  PIN,  181  of  organ-confined  can¬ 
cer,  120  of  hormone-refractory  cancer,  and  91  of  metastatic  PCa. 
We  found  that  decreased  levels  of  PTEN  were  significantly  associ¬ 
ated  with  disease  progression,  mainly  when  comparing  primary 
and  metastatic  prostate  cancer  (P=  0.001).  Similarly,  increased  lev¬ 
els  of  p-AKT  (P  =  0.02),  p-mTOR  ( P=  0.02),  and  p-S6K  (P  =  0.03) 
were  also  found  to  be  significantly  associated  with  tumor  progres¬ 
sion.  Furthermore,  these  proteins  were  often  activated  together 
and  with  reduced  expression  of  PTEN,  again  indicative  of  deregu¬ 
lation  of  the  signaling  pathway. 
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Figure  5 

Combination  therapy  is  antitumorigenic  for  treatment  of  androgen-independent  prostate  cancer  in  mutant  mice.  Comparison  of  the 

consequences  of  single  agent  versus  combination  therapy  for  treatment  of  androgen-dependent  (A-D)  or  androgen-independent  (E-H)  mutant 
mice.  (A  and  E)  Diagram  of  the  experimental  strategy,  as  per  Figure  1.  (B  and  F)  Prostate  tissue  weights,  showing  mean  ±  SEM,  with  value 
indicated.  (C  and  G)  Percentage  of  proliferating  cells  as  determined  by  Ki67  staining,  showing  mean  ±  SEM,  with  value  indicated.  (D  and  H) 
Western  blots  of  protein  extracts  from  prostate  tissues  following  treatment.  Western  blotting  was  done  using  a  minimum  of  3  independent  mice 
in  each  group;  representative  data  are  shown;  total  ERK  is  shown  as  a  control  for  protein  loading. 


Finally,  using  this  first  TMA,  we  examined  the  expression  of 
ERK  MAPK  in  human  prostate  tumor  samples,  compared  with 
the  deregulation  of  the  PTEN/AKT/mTOR  signaling  pathway 
(Tables  2-4).  Immunohistochemical  analysis  of  p-ERK  expression 
showed  that  it  was  focally  expressed  and  at  low  levels  in  BPH  sam¬ 
ples  and  PIN  lesions  (Figure  8M;  PIN  data  not  shown).  However, 
p-ERK  was  highly  expressed  in  the  majority  of  cancer  samples,  and 
increased  levels  of  ERK  MAPK  were  significantly  associated  with 
tumor  progression  in  PIN  and  low-grade  tumors  versus  high-grade 
lesions  ( P=  0.008;  Figure  8,  M-O).  Furthermore,  when  compared 
with  deregulated  expression  of  the  PTEN/AKT/mTOR  signaling 
pathway,  we  found  that  21%  of  patients  with  prostate  cancer  dis¬ 


played  deregulated  expression  of  all  components  of  the  PTEN/ 
AKT/mTOR  signaling  pathway  as  well  as  ERK  MAPK,  while  42% 
of  these  patients  displayed  deregulated  expression  of  1  or  more 
components  of  the  PTEN/AKT/mTOR  signaling  pathway  as  well 
as  ERK  MAPK  (Table  4). 

In  conclusion,  the  PTEN/AKT/mTOR  signaling  pathway  is  fre¬ 
quently  altered  in  prostate  cancer  progression  and  often  coinciden¬ 
tally  with  activation  of  ERK  MAPK  signaling.  These  data  support 
the  concept  that  a  substantial  number  of  patients  with  advanced 
prostate  cancer  (conservatively  at  least  20%)  may  benefit  from  com¬ 
bination  therapy  targeting  the  AKT/mTOR  and  ERK  MAPK  sig¬ 
naling  pathways.  Furthermore,  since  the  relevant  activated  target 
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Figure  6 

Combination  therapy  is  antitumorigenic  in  tissue  recombination  models  from  the  mutant  mice.  (A  and  I)  Diagram  of  the  experimental 

strategy.  Tissue  recombinants  were  made  using  prostate  epithelium  from  mutant  or  wild-type  mice  and  rat  embryonic  mesenchyme 

and  grown  in  mice  for  1  month.  Following  1  month  of  growth,  the  mice  were  either  left  intact  (i.e.,  to  model  treatment  of  androgen- 
dependent  prostate  cancer)  or  castrated  (i.e.,  to  model  treatment  of  androgen-independent  prostate  cancer).  Mice  received  rapamycin  and/or 
PD0325901  (or  vehicle)  for  21  days  (5  days  on/2  days  off),  following  which  the  mice  were  sacrificed  for  analyses  of  end  points  (i.e.,  histology, 
prostate  weights,  and  immunohistochemistry).  (B-G  and  J-O)  Representative  tissue  sections  from  the  tissue  recombinants  made  from  the 
prostate  epithelium  showing  histological  phenotype  (H&E)  and  immunostaining  for  p-S6  and  p-ERK,  as  indicated.  Scale  bars: 
1 00  pm.  (H  and  P)  Weights  of  the  tissue  graphs,  showing  mean  ±  SEM,  with  value  indicated.  Recomb,  recombinant. 


proteins  can  be  readily  detected  in  primary  tumors  from  patient 
samples,  it  should  be  feasible  to  identify  patients  that  are  most  like¬ 
ly  to  respond  to  treatment,  namely  those  that  display  deregulation 
of  PTEN/AKT/mTOR  and/or  ERK  MAPK  signaling. 

Discussion 

In  our  previous  investigations  of  the  molecular  mechanisms  underly¬ 
ing  prostate  cancer  progression,  we  found  that  the  AKT/mTOR  and 
ERK  MAPK  signaling  pathways  function  cooperatively  to  promote 
prostate  tumorigenicity  and  androgen  independence  (15).  Based  on 
these  findings,  we  had  hypothesized  that  combinatorial  inhibition 
of  these  pathways  might  be  effective  for  the  treatment  of  prostate 


cancer.  We  now  demonstrate  that  inhibition  of  these  signaling  path¬ 
ways  acts  combinatorially  to  suppress  pathway  activation  and  inhib¬ 
it  tumor  growth  and  cellular  proliferation  in  androgen-independent 
prostate  cancer  in  Nkx3. 1 ;  Pten  mutant  mice.  Furthermore,  analyses 
of  human  prostate  tumor  specimens  support  the  idea  that  AKT/ 
mTOR  and  ERK  MAPK  signaling  pathways  are  frequently  activated 
in  prostate  tumors,  readily  detected  in  advanced  human  prostate 
cancer,  and  are  suitable  targets  for  intervention  in  patients  with  the 
disease.  We  propose  that  combination  therapy  targeting  the  AKT/ 
mTOR  and  the  ERK  MAPK  signaling  pathways  may  be  effective  for 
treatment  of  a  broad  spectrum  of  patients  with  advanced  prostate 
cancer,  particularly  those  with  hormone-refractory  disease. 
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Figure  7 

Combination  therapy  is  antitumorigenic  in  adjuvant  therapy  of  hormone-refractory  prostate  cancer.  (A-l)  Studies  in  the  whole  animal.  (A)  Dia¬ 
gram  of  the  experimental  strategy.  Strategy  is  similar  to  that  in  Figure  1 ;  however,  unlike  the  androgen-independent  treatment  group, 

mutant  mice  were  castrated  immediately  prior  to  receiving  the  rapamycin  and/or  PD0325901  (or  vehicle)  treatment.  (B-G)  Representa¬ 
tive  tissue  sections  from  the  mutant  mice  showing  histological  phenotype  (H&E)  and  immunostaining  for  p-S6  and  p-ERK,  as 

indicated.  (H)  Prostate  tissue  weights,  showing  mean  ±  SEM,  with  value  indicated.  (I)  Percentage  of  proliferating  cells  as  determined  by  Ki67 
staining,  showing  mean  ±  SEM,  with  value  indicated.  (J-Q)  Studies  done  in  a  complementary  tissue  recombination  model.  (J)  Diagram  of  the 
experimental  strategy.  (K-P)  Representative  tissue  sections  from  the  tissue  recombinants  made  from  the  prostate  epithelium 

showing  histological  phenotype  (H&E)  and  immunostaining  for  p-S6K  and  p-ERK,  as  indicated.  (Q)  Weights  of  the  tissue  graphs,  showing  mean 
±  SEM,  with  value  indicated.  Scale  bars:  100  pm. 


Although  conventional  chemotherapeutic  approaches  have 
been  proven  effective  in  many  contexts,  now  including  pros¬ 
tate  cancer  (5,  6,  38),  it  has  become  increasingly  evident  that 
ultimately  the  most  effective  and  safest  long-term  treatment 
options  for  cancer  patients  will  be  achieved  by  targeting  the 
specific  networks  that  are  deregulated  in  tumors,  as  exempli¬ 
fied  by  the  now  classic  example  of  Gleevec  for  the  treatment  of 
leukemia  (39).  However,  targeted  therapies  using  single  agents 
often  lead  to  resistance,  as  also  exemplified  by  Gleevec  (40).  It 
has  been  proposed  that  tumor  resistance  can  be  circumvented, 
at  least  in  part,  using  agents  in  combination  that  can  simultane¬ 


ously  target  multiple  pathways  —  the  idea  being  that  coordinate 
suppression  of  multiple  pathways  may  minimize  the  chances  of 
developing  resistant  tumor  cells. 

This  general  strategy  of  combination  therapy  requires  knowledge 
of  relevant  signaling  networks  that  are  deregulated  in  particular  can¬ 
cers,  an  understanding  of  how  their  coordinate  and/or  cooperative 
activities  contribute  to  tumorigenesis,  and  relevant  in  vivo  model  sys¬ 
tems  to  test  the  functional  consequences  of  therapeutic  targeting  of 
such  pathways  for  tumorigenesis.  Indeed,  while  informative  analyses 
in  tumor  cells  in  culture  may  provide  mechanistic  insights,  studies 
done  in  the  context  of  the  tumor  microenvironment  in  the  whole 
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Figure  8 

AKT/mTOR  pathway  activation  is  associated  with  human 
prostate  cancer  progression  and  correlated  with  activation 
of  ERK  MAPK.  (A-L)  Expression  of  PTEN  and  components 
on  the  AKT/mTOR  signaling  pathway  in  human  normal  and 
primary  prostate  cancer  samples.  Representative  adjacent 
sections  from  the  specimens  used  for  the  TMAs  show  stain¬ 
ing  for  the  indicated  proteins.  Shown  are  examples  of  benign 
prostatic  tissue  (Normal),  a  tumor  without  activation  of  the 
PTEN/AKT/mTOR  pathway  (Tumor  1),  and  a  tumor  with  acti¬ 
vation  of  this  pathway  (Tumor  2).  Note  that  the  expression 
of  PTEN  is  inversely  correlated  with  expression  of  p-AKT, 
p-mTOR,  and  p-S6.  (M-O)  Expression  of  p-ERK  activation 
on  semiadjacent  sections  of  the  same  specimens.  Note  that, 
in  these  samples,  p-ERK  activation  is  well  correlated  with 
activation  of  components  of  the  AKT/mTOR  signaling  path¬ 
way.  Scale  bar:  100  pm. 


organism  are  likely  to  provide  more  robust  strategies  for  predicting 
the  efficacy  of  combinatorial  inhibition  for  tumor  growth  in  vivo. 
In  this  regard,  analyses  of  relevant  genetically  engineered  mutant 
mouse  models  may  be  informative  for  predicting  both  the  pathways 
that  may  be  effectively  targeted  and  the  therapeutic  efficacy  of  single 
and  combinatorial  inhibition  of  such  pathways  (41-44). 

Indeed,  our  current  analyses  exemplify  the  value  of  this  general 
approach,  as  we  have  effectively  used  the  Nkx3.1 ;  Pten  mutant 
mouse  model  both  to  define  the  functional  significance  of  the 
AKT/mTOR  and  ERK  MAPK  signaling  pathways  for  prostate 
tumorigenicity  and  to  demonstrate  the  profound  antitumori- 
genic  consequences  of  combinatorial  inhibition  of  these  path¬ 
ways  for  prostate  tumorigenicity.  Importantly,  our  findings  show 
that  the  combination  therapy  is  considerably  more  effective  than 
the  single  agents  with  respect  to  their  antitumorigenic  activity, 
which  appears  to  reflect  in  part  their  effects  on  the  expression 
of  the  apoptotic  regulator  Bim.  Further  insights  regarding  the 
mechanisms  underlying  the  striking  synergism  of  these  path¬ 


ways  is  provided  by  the  accompanying  article  by  Carracedo  and 
colleagues,  who  report  that  these  pathways  are  modulated  by  a 
negative  feedback  loop  (45). 

More  generally,  an  important  consideration  when  using  combi¬ 
nation  targeted  therapy  is  that,  more  so  than  for  conventional  che¬ 
motherapy,  the  efficacy  of  the  treatment  for  any  single  individual 
is  likely  to  depend  upon  whether  the  specific  pathways  are  deregu¬ 
lated  in  tumors  from  such  individuals.  Thus,  accurate  evaluation 
of  the  efficacy  of  targeted  therapies  is  likely  to  depend  on  knowl¬ 
edge  of  the  status  of  the  relevant  pathways  prior  to  the  onset  of 
treatment,  since  clinical  success  or  failure  may  well  depend  upon 
the  status  of  such  pathways.  Indeed,  our  findings  showing  that 
activation  of  relevant  target  proteins  in  the  AKT/mTOR  and/or 
ERK  MAPK  signaling  pathways  can  be  readily  detected  in  primary 
tumors  from  human  prostate  cancer  patients  (see  Figure  8)  dem¬ 
onstrate  the  feasibility  of  this  approach  and  provides  an  effective 
screening  tool  for  both  enrolling  patients  in  clinical  trials  and 
evaluating  the  outcome  of  such  trials. 


Table  2 

Summary  of  TMAdata 


Pathology 

No.  of  cases 

PTEN  (neg) 

p-AKT  (pos) 

p-mTOR  (pos) 

p-S6  (pos) 

p-ERK  (pos) 

BPH 

25 

0% 

28% 

20% 

8% 

40% 

PIN 

7 

0% 

43% 

14% 

14% 

43% 

Low-grade  cancer 

19 

37% 

63% 

42% 

32% 

74% 

High-grade  cancer 

19 

22% 

79% 

53% 

53% 

68% 

neg,  negative;  pos,  positive. 
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Table  3 

Correlation  of  staining  on  TMA 


Correlation 

p-AKT 

p-mTOR 

p-S6 

p-ERK 

p-AKT 

ND 

67% 

67% 

73% 

p-mTOR 

100% 

ND 

70% 

60% 

p-S6 

100% 

70% 

ND 

60% 

p-ERK 

85% 

43% 

57% 

ND 

ND,  not  determined. 


Furthermore,  our  analyses  of  pathway  activation  in  human  pros¬ 
tate  cancer  have  shown  that  a  large  percentage  of  advanced  tumors 
display  activation  of  AKT/mTOR  and/or  ERK  MAPK  signaling 
networks  and  predict  that  a  large  percentage  of  prostate  cancer 
patients  (>20%)  will  be  appropriate  candidates  for  treatment  with 
agents  that  target  these  signaling  pathways.  Extrapolating  from 
preclinical  trials  in  the  Nkx3.1;  Pten  mutant  mice  to  the  design  of 
relevant  clinical  trials,  we  infer  that  combination  therapy  target¬ 
ing  AKT/mTOR  and  ERK  MAPK  signaling  should  be  optimal  for 
patients  with  hormone-refractory  disease.  Conceivably,  combi¬ 
nation  therapy  may  be  effective  when  used  in  conjunction  with 
chemotherapy,  as  there  are  now  several  ongoing  trials  combining 
chemotherapy  with  mechanism-based  approaches  (4). 

Notably,  at  present,  the  reason(s)  for  the  enhanced  efficacy  of  this 
combination  therapy  in  prostate  cancer  in  conditions  of  limiting 
androgens  are  unclear.  Presumably,  this  reflects,  at  least  in  part,  the 
fact  that  these  pathways  may  be  preferentially  activated  in  hormone- 
refractory  prostate  cancer  (8,  11,  13-15).  However,  it  seems  likely 
that  there  may  be  mechanistic  bases  that  are  dependent  on  the  tis¬ 
sue  context,  such  as  potential  variations  in  the  activity  levels  of  these 
kinases  in  the  presence  or  absence  of  androgens  (46).  Regardless,  our 
findings  showing  the  efficacy  of  this  combination  treatment  when 
provided  simultaneously  with  androgen  ablation  (Figure  7)  raise  the 
exciting  possibility  that  combination  therapy  targeting  AKT/mTOR 
and  MEK/ERK  MAPK  signaling  may  even  be  effective  in  an  adjuvant 
therapy  model  for  hormone-refractory  disease. 

In  summary,  our  findings  as  well  as  recent  work  by  Stommel  and 
colleagues  and  Shah  and  colleagues  (47, 48)  highlight  the  value  of 
pathway-targeted  combination  therapy  to  achieve  maximal  block¬ 
ade  of  signaling  pathways  for  cancer  treatment.  Furthermore,  our 
study  demonstrates  the  value  of  pursuing  hypothesis-based  pre¬ 
clinical  trials  in  genetically  engineered  mutant  mice  that  share  rel¬ 
evant  features  with  the  human  cancers  that  they  represent. 

Methods 

Mouse  models.  All  experiments  using  mice  were  approved  by  the  Institution¬ 
al  Review  Board  of  Columbia  University  Medical  College.  The  Nkx3.1;  Pten 
compound  mutant  mice  have  been  described  previously  (15, 17, 1 8).  Preclin¬ 
ical  studies  were  done  in  a  mixed  strain  background  (C57BL/6  x  129S/V) 
using  cohorts  assembled  from  littermates  of  wild-type  ( Nkx3.1+/+Pten+/+ ) 
and  mutant  (. Nkx3.1~/~Pten+/ ~  or  Nkx3.1+/~Pten+/~)  mice  at  10-12  months 
of  age  that  had  been  housed  together  and  subjected  to  identical  environ¬ 
mental  conditions.  Mice  were  randomly  assigned  to  the  androgen-intact 
group  or  the  androgen-independent  group;  the  latter  were  surgically  cas¬ 
trated  to  remove  the  testes  and  epididymis,  which  is  the  source  of  endog¬ 
enous  androgens.  Tissue  recombinants  were  made  using  prostate  epithe¬ 
lium  from  mutant  or  wild-type  mice  and  rat  embryonic  mesenchyme  and 
grown  in  androgen-intact  or  androgen-deprived  (castrated)  nude  male 
hosts,  as  described  previously  (15, 17). 


Preclinical  trial  design  and  analyses.  Rapamycin  was  purchased  from  LC  Lab¬ 
oratories  (catalog  R-5000,  lots  ASW-105  and  ASW-109);  PD0325901  was  a 
generous  gift  from  Pfizer  (Batch  U).  Rapamycin  was  dissolved  in  100%  etha¬ 
nol  to  make  a  working  stock  of  25  mg/ml  and  then  diluted  to  1.25  mg/ml  in 
a  solution  of  5.2%  Tween-80, 5.2%  PEG400  in  sterile  water  and  delivered  i.p. 
at  10  mg/kg.  PD0325901  was  dissolved  in  0.05%  hydroxy-propyl-methylcel- 
lulose,  0.02%  Tween-80  in  sterile  water  to  make  a  working  stock  of  1 .5  mg/ml 
and  delivered  via  oral  gavage  at  20  mg/kg.  Agents  (or  vehicle)  were  delivered 
for  5  consecutive  days,  with  2  days  off  for  a  period  of  3  weeks.  Mice  were 
weighed  daily  and  observed  for  signs  of  distress  following  dosing.  Notably, 
none  of  the  treatment  paradigms  resulted  in  appreciable  weight  loss  (i.e., 
greater  than  10%)  in  the  mutant  mice  (Supplemental  Table  1). 

At  the  conclusion  of  the  study,  mice  were  sacrificed,  prostate  tissues  were 
collected  and  photographed,  and  the  wet  weights  of  the  prostate  tissues  were 
determined.  For  the  tissue  recombinant  models,  the  graphs  were  removed 
from  the  kidney  prior  to  weighing.  The  prostatic  lobes  (anterior,  dorsolateral, 
and  ventral)  were  collected  individually  and  bilaterally;  one  lobe  was  fixed  in 
formalin  and  paraffin-embedded  for  histology  and  immunohistochemistry 
and  the  other  snap  frozen  in  liquid  nitrogen  for  Western  blotting.  All  analy¬ 
ses  were  done  using  both  the  anterior  and  dorsolateral  prostatic  lobes;  his¬ 
tological  and  immunohistochemical  analyses  are  shown  for  the  anterior 
prostate  and  Western  blot  analyses  for  the  dorsolateral  gland. 

Immunohistochemical  studies,  Western  blot  analyses,  and  semiquantitative 
analyses  of  the  histological  phenotype  were  done  as  described  previously  (15, 
17,  18).  Briefly,  for  grading  of  the  histological  phenotype,  a  minimum  of  4 
random  sections  from  different  locations  in  the  prostate  tissues  were  exam¬ 
ined  for  each  experimental  animal.  The  phenotype  was  scored  based  on  anal¬ 
yses  of  the  multiple  sections  in  each  animal  plus  the  analyses  of  all  animals, 
following  which  a  representative  tissue  section  was  selected  to  illustrate  the 
phenotype.  Analyses  of  the  immunohistochemical  studies  were  done  using 
2-3  independent  sections  from  each  of  4  experimental  animals  in  each 
group.  For  quantification  of  proliferating  cells,  slides  were  immunostained 
with  Ki67,  and  cells  were  counted  as  described  previously  (49)  in  a  minimum 
of  10  independent  sections  from  5  independent  mice  (i.e.,  50  sections),  with 
results  expressed  as  the  percentage  of  Ki67-labeled  epithelium  relative  to 
total  epithelium,  visualized  using  hematoxylin. 

Antibodies  used  in  this  study  were:  p-p44/42  MAPK  (Thr202/Tyr204) 
antibody  (catalog  9101  or  IHC  preferred  antibody  4376;  1:200),  p44/42 
MAPK  antibody  (catalog  9102),  p-AKT  (Ser473)  antibody  (catalog  9271 
or  IHC  preferred  antibody  3787;  1:50),  and  p-S6  Ribosomal  Protein 
(Ser235/236)  antibody  (catalog  2211;  1 :250),  all  from  Cell  Signaling  Tech¬ 
nology;  Bim  antibody  (catalog  2065;  1:500)  from  ProSci  Inc.;  and  NCL- 
Ki67p  (1:1,500)  from  Novocastra  (Leica  Microsystems). 

Cell  culture  analyses.  Cytotoxicity  assays  were  performed  using  the  CASP 
2.1  or  1.1  line  (15, 19).  Exponentially  growing  cells  were  seeded  into  96-well 
plates  at  800  cells/well  in  100  pi  growth  medium  in  the  presence  or  absence 
of  dihydro  testosterone.  Rapamycin  or  PD0325901  was  serially  diluted  in 
media,  and  the  cells  were  maintained  at  37 °C  for  96  hours.  Cell  density 
was  determined  following  addition  of  20  pi  MTS  reagent  (Promega)  by 
measurement  of  the  absorbance  at  490-nm  wavelength.  The  IC50  was  deter- 

Table  4 

Activation  of  pathways  in  patient  specimens 


Activated  Cases  (%) 

Neither  the  PTEN  pathway  nor  ERKA  8 

PTEN  pathway  and  ERKB  21 

PTEN  pathway  (partial)  and  ERK  42 


Ae.g.,  tumor  1  in  Figure  8.  Be.g.,  tumor  2  in  Figure  8. 
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mined  using  the  software  SoftMax  (Molecular  Devices).  For  combination 
drug  treatment,  rapamycin  plus  PD0325901  was  diluted  in  the  growth 
medium  at  a  fixed  ratio  of  doses  (IC50  versus  IC50).  The  Cl  was  calculated 
based  on  the  Chou-Talalay  equation  (34)  using  CalcuSyn  software  (Bio- 
soft).  For  Bim-knockdown  studies,  CASP  1.1  and  2.1  cells  were  transfected 
with  50  nM  of  control  or  Bim  siRNA  (Santa  Cruz  Biotechnology  Inc.), 
according  to  the  manufacturer’ s  protocol.  One  day  after  transfection,  cells 
were  treated  with  rapamycin  and/or  PD0325901  for  48  hours.  Cytotoxity 
assays  were  performed  using  a  Cell  Growth  Determination  Kit,  MTT  Based 
(Sigma- Aldrich),  according  to  the  manufacturer’s  protocol. 

Human  TMAs.  The  human  TMAs  were  made  using  samples  from  prosta¬ 
tectomy  specimens  obtained  from  the  Molecular  Pathology  Tumor  Bank  of 
Columbia  University.  All  studies  of  human  tissue  were  approved  by  the  Insti¬ 
tutional  Review  Board  of  Columbia  University  Medical  Center.  To  construct 
the  TMAs,  sections  of  normal  prostate  and  tumor  tissue  that  were  embedded 
in  paraffin  and  stained  with  H&E  were  reviewed  to  identify  viable,  morpho¬ 
logically  representative  areas  of  the  specimen  from  which  needle  core  samples 
could  be  taken.  From  each  specimen,  triplicate  tissue  cores  with  diameters 
of  0.6  mm  were  punched  and  arrayed  onto  a  recipient  paraffin  block  using 
a  precision  instrument  (Beecher  Instruments).  Five-micrometer  sections  of 
these  TMA  blocks  were  stained  with  H&E  or  used  for  immunohistochemical 
analysis.  Prostate  tumor  samples  included  PIN  and  PCa,  which  was  classified 
as  having  either  a  low  Gleason  (<6)  or  high  Gleason  (>7)  score. 

Two  TMAs  were  used  for  the  present  study.  The  first  included  70  pros¬ 
tate  samples:  25  BPH  cases,  7  PIN  lesions,  and  38  PCas  (19  displayed  a  low 
Gleason  score  and  19  a  high  Gleason  score).  Each  tissue  was  represented  by 
3  independent  cores  in  each  TMA.  The  second  TMA  included  535  prostate 
samples:  65  corresponded  to  BPH,  78  to  PIN,  and  392  to  PCas  (181  cases 
corresponded  to  organ-confined  prostate  cancer,  120  cases  to  hormone- 
refractory  prostate  cancer,  and  91  cases  to  metastatic  prostate  cancer). 
Seven  consecutive  sections  of  the  2  TMAs  were  cut  and  stained  with  H&E 
(verification  of  histopathology),  used  as  a  negative  control,  or  stained  with 
immunohistochemical  markers. 

Immunohistochemical  analyses  were  performed  following  the  standard 
avidin-biotin  immunoperoxidase  staining  procedure.  Briefly,  TMA  slides 
were  deparaffinized  and  then  submitted  to  antigen  retrieval  by  steamer 
treatment  for  15  minutes  in  10  mM  citrate  buffer  at  pH  6.0,  followed  by 
primary  antibody  incubation  overnight  at  4°C.  Then  slides  were  incubated 
with  biotinylated  anti-rabbit  or  anti-mouse  immunoglobulins  at  a  1 : 1 ,000 
dilution  for  30  minutes  (Vector  Laboratories  Inc.)  followed  by  avidin-bio- 
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